A phylogenetic survey using the polymerase chain reaction (PCR) has identified four major P element subfamilies in the sultans and willistoni species groups of Drosophila. One subfamily, containing about half of the sequences studied, consists of elements that are very similar to the canonical (and active) P element from D. melanogaster. Within this subfamily, nucleotide sequence differentiation among different copies from the same species and among elements from different species is relatively low. This observation suggests that the canonical elements are relatively recent additions to the genome or, less likely, are evolving slowly relative to the other subfamilies. Elements belonging to the three noncanonical lineages are distinct from the canonical elements and from one another. Furthermore, there is considerably more sequence variation, on the average, within the noncanonical subfamilies compared to the canonical elements. Horizontal transfer and the coexistence of multiple, independently evolving element subfamilies in the same genome may explain the distribution of P elements in the saltans and willistoni species groups. Such explanations are not mutually exclusive, and each may be involved to varying degrees in the maintenance of P elements in natural populations of Drosophila
quences with homology to the P element of D. melanogaster is spotty within the genus Drosophila. These sequences are quite common, however, in the subgenus Sophophora, where they have been identified by Southern hybridization in 6 1 of 79 species examined (Daniels et al. 1990 ). Species in which P elements are apparently absent include those most closely related to D. melanogaster (Brookfield et al. 1984) . There are three explanations for this absence: the elements were never present in these lineages; they have diverged in sequence over time so that they are no longer identifiable, or they have been lost in certain lineages.
In some species (Lansman et al. 1985; Simonelig and Anxolabehere 199 l) , P elements from the same genome can differ by 4%-10% at the nucleotide level, indicating an extended residence in these genomes accompanied by independent evolution and sequence differentiation of multiple copies. In contrast, the P elements of D. melanogaster are homogeneous in sequence (O' Hare and Rubin 1983; Sakoyama et al. 1985) . Furthermore, the nucleotide sequence of a P element from D. willistoni is virtually identical to the canonical P element from D. melanogaster, differing by a single nucleotide substitution in 2907 bp (Daniels et al. 1990 ). Within D. melanogaster, P elements are completely absent in old laboratory strains Anxolabehere et al. 1988 ) and yet are increasingly abundant in strains collected from the wild during the last 50 yr Molecular Evolution of P Elements 903 (Kidwell 1983) . Together these observations provide In an attempt to understand the evolution of P elements in more detail, we have determined partial nucleotide sequences of multiple element copies from over 40 species in the subgenus Sophophora. Here, we report the results of a phylogenetic analysis of P elements from the saltans and willistoni species groups, which represent the New World radiation of Sophophora. Reported elsewhere are the phylogenetic analyses of the obscura (J. Garcia-Planells, N. Paricio, J. B. Clark, R. de Frutos, and M. G. Kidwell, unpublished manuscript) and melanogaster (unpublished data) groups. The results confirm the horizontal transfer of P to D. melanogaster from D. willistoni and provide further evidence for additional horizontal transfers in the history of the Sophophora. In addition, they support the idea that the evolution of P elements is complex, possibly involving the coexistence and independent evolution of multiple subfamilies within certain lineages of flies, and nucleotide sequence divergence and element extinction in others. The findings are discussed in the context of the evolution of the species themselves to provide a comprehensive view of the evolution of one of the best-studied eukaryotic transposable elements.
Material and Methods

DNA Amplification and Sequencing
Samples of flies were obtained from the National Drosophila Species Resource Center (Bowling Green State University, Bowling Green, Ohio 43403), Dr. Linda Strausbaugh (University of Connecticut, Storrs, Conn.), and Dr. Lee Ehrman (SUNY, Purchase, N.Y.) . The identities of the species used in this study are given in table 1. The following P element sequences were obtained from the literature: Drosophila guanche Gl ); D. nebulosa N 10 (Lansman et al. 1985) ; D. subobscura A 1 and G2 (Paricio et al. 199 1) ; D. willistoni 13 (Daniels et al. 1990 ); Scaptomyza pallida 2 and 18 (Simonelig and Anxolabehere 199 1); Lucilia cuprina Pl (Perkins and Howells 1992) .
Total genomic DNA was isolated from pools of about 100 individuals of each species as described elsewhere (Daniels and Strausbaugh 1986) . Three degenerate oligonucleotide primers were designed to conserved regions within exon 2 of the P element (see fig. 1 ). The reaction conditions were template denaturation for 1 min., 94°C; primer annealing for 1 min., 50°C; and primer extension for 1 min., 72°C (with 2 s added for each cycle), for a total of 30 cycles. PCR products were purified using Microcon-100 filtration units (Amicon, Beverley, Mass.) and were then ligated into the vector pCR-script (Stratagene, La Jolla, Calif.). Following transformation into Escherichia coli, plasmid DNA from individual clones was isolated and sequenced using the Sequenase 2.0 kit (United States Biochemical, Cleveland, Ohio). For each species, between four and nine individual clones were chosen at random as representative of the P elements amplified in a particular reaction. Sequences are available upon request from the authors.
Phylogenetic Analysis
Regardless of which primer pair was used for amplification, the phylogenetic analysis was confined to the region flanked by primers 20 16 and 20 17. These nucleotide sequences were aligned by hand after consideration of the codon assignments.
The alignment was relatively straightforward, with only occasional gaps needed in certain sequences to preserve the reading frame. The alignment was also examined using CLUS-TAL V (Higgins et al. 1992 ) and differed in only minor respects from the alignment done by hand. In general, the latter was judged to be better on the basis of conservation of codon assignment.
Parsimony analysis of the aligned data matrix was performed using the heuristic option of PAUP 3.1.1 (Swofford 1993) with random stepwise addition of sequences and TBR branch swapping. Ten separate searches were performed, each terminating after the accumulation of 1,000 equally parsimonious trees. One of the most parsimonious trees was arbitrarily chosen for presentation.
A strict consensus tree was computed allowing the identification of those nodes that were present in all of the 1,000 trees. Bootstrapping of 100 replicates was done on a reduced data set of 35 sequences that included representative taxa from each of the major clades shown in figure 2. Neighbor-joining analysis (Saitou and Nei 1987) (Maddison and Maddison 1992) .
Results
Amplification of P Element DNA Sequences
Oligonucleotide primers were based on the published P element sequences available. After identifying suitable conserved regions in the alignment of the Drosophila and Scaptomyza sequences, the transposase codons were translated into amino acids. The primers were designed to preserve the amino acid identities, but codon usage preferences of these sequences were also considered so that the degeneracy of the primers could be minimized. Because no attempt was made to account for each possible codon for a given amino acid, it is possible that certain (more divergent) subfamilies of P elements were missed with these primer combinations.
Thus, these results should be viewed not as an exhaustive survey but rather as a sample of the P element diversity that may exist in a given genome.
The DNA sequence which was used for this study was confined to exon 2 of the P element (see fig. 1 ). This exon encodes part of the transposase necessary for element mobility (O'Hare and Rubin 1983) as well as a portion of a protein that represses mobility, which is produced from an incompletely spliced P element mRNA (Misra and Rio 1990) . P element-specific PCR products of the expected size were obtained with template DNA from each species examined except for D. neocordata and D. emarginata of the saltans species group. Negative results for the latter two species are consistent with those reported from Southern blots using the canonical P element as a probe in low-stringency hybridizations (Daniels et al. 1990 ). It can be concluded, therefore, that these two species do not possess P elements that can be detected by the means employed in these two independent studies. The apparent absence of P elements in D. emarginata and D. neocordata is a significant finding, as P elements are found in all of the other members of the saltans species group that were examined and in the closely related willistoni species group. These two groups together constitute the New World lineage of Sophophora. Furthermore, P elements are also common in the two Old World Sophophora species groups, obscura and melanogaster. -Phylogenetic analysis of P element nucleotide sequences. This cladogram was generated by parsimony analysis using the heuristic search algorithm of PAUP (Swofford 1993 ). This tree is an arbitrarily chosen representative of 1,000 equally parsimonious trees, each requiring 1,689 steps. The consistency index is 0.46, and the retention index 0.85. The letters refer to clades discussed in the text. The scale bar gives branch lengths in terms of the number of reconstructed changes. Species names are given in italics followed by the element number. Species group designations for Sophophora are given after the slash: mel, melanogaster; obs, obscura; sal, saltans; wil, willistoni. Elements identified by an asterisk have been previously published.
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Sequence Variation and Phylogenetic Analysis
Ninety-two sequences from 16 species were determined for this study of the sultans and willistoni lineages.
For the analysis, the data matrix included an additional eight sequences previously reported. In all, the data matrix comprises a total of 44,800 bp. A total of 448 positions were aligned in the data matrix, including occasional gaps deemed necessary for correct alignment and excluding the primer sequences. Of these, 4 18 characters were variable and 260 were phylogenetically informative.
Ten separate heuristic searches were performed, each terminating at 1,000 trees. The most parsimonious tree was one of 1,689 steps; trees of an identical number of steps were obtained for 6 of the 10 searches. Numerous additional searches, saving fewer trees, were tried, but none yielded a tree more parsimonious than 1,689 steps. One of these trees, chosen at random, is presented in figure 2 .
The branching patterns of the major subfamilies or fig. 2 ) is not strong. Other nodes that are not well supported are obvious in the strict consensus tree shown in figure 3 . The nucleotide sequence differentiation within a clade is summarized in table 2. Because of the extreme divergence of some of these nucleotide sequences, the phylogeny was also examined using neighbor joining (Saitou and Nei 1987) . A distance matrix based on Kimura's (1980) two-parameter model was used to construct a neighbor-joining tree (not shown). The composition of the major clades and the tree topology are identical to that of the parsimony tree in figure 2.
Clade A includes all of the Drosophila P element sequences as well as those from the sister genus, Scaptomyza. These sequences are differentiated from that of the blowfly, Lucilia cuprina, in both structure and sequence composition (Perkins and Howells 1992 Among the canonical elements, there is a tendency for P elements from one species to form a clade, with only minor sequence differentiation among different elements. For example, the P elements from D. equinoxalis, D. lusaltans, and D. sturtevanti form well-defined clades that exhibit only minor sequence variation within a species. It is assumed that these minor variations are a result of nucleotide substitutions which differentiate the multiple copies within a species. In general, this within-species divergence ranges from 0% to 1.8%, suggesting either extremely conservative evolution or a short time of residence in the genome (see Discussion). However, the elements of some species in clade D show considerable variation. For example, D. nebulosa N 10 and 12 differ by 11% in this region of exon 2, a figure consistent with that reported for differences between complete element sequences from the same species (Lansman et al. 1985) .
Divergence within the other three sultans-willistoni clades ranges from 17% (I) to 30% (L) to 46% (J'). There appears to be more intraspecific nucleotide sequence variation among the P elements within these divergent The sequences could be identical because the clones chosen were the result of amplification of the same genomic copy, or because the clones represent different P element copies in the genome that, for whatever reasons, are identical. Regardless of which explanation is true, it is clear from the preceding paragraph and figure 2 that variation among the elements within a species of clade D is less than that seen in the noncanonical clades from the same species.
Clade K is interesting because it contains P element sequences from three of the four species groups included in Sophophora. Although these molecules have diverged considerably from one another, the overall branching, with the willistoni and sultans species groups forming a fig. 2 . For those clades with more than one taxon, the diversity is expressed as a maximum value. Within that clade, nucleotide sequence differentiation could range from 0 (identical sequences) to the maximum value listed. For the L. cuprina Pelement, used as an outgroup, the range of the divergence (and mean) from all other sequences is given.
Integrity of P Element Coding Regions
In spite of the large size of the data set used in this study, there are surprisingly few gaps in the alignment. These fall into two classes: single extra or missing nucleotides and larger insertions and deletions (indels). The occurrence of these indels is summarized in table 3. Since the nucleotide sequence alignment was based on amino acid assignment, the occurrence of termination codons was also examined. Table 4 lists those sequences that have termination codons interrupting the transposase reading frame.
There is an equal frequency of indels among the 92 sequences from the saltans and willistoni groups. Indels are found in 13/4 1 (32%) of the saltans elements and 17/5 1 (33%) of the willistoni elements. Termination codons are similarly evenly distributed among the two species groups: 9/4 1 (22%) saltans elements and 12/5 1 (24%) willistoni elements contain stop codons. Although canonical sequences account for nearly 60% of the saltans-willistoni elements identified ( The analysis of the distribution of indels and termination codons in this region of exon 2 is useful for several reasons. First, it permits the identification of those elements that are assumed to be nonautonomous because of reading-frame interruptions.
In 4/ 14 saltans and 4/ 17 willistoni sequences the indels are exclusively multiples of three (table 3) . Although the transposase reading frame could theoretically be preserved, five of these are deletions that would remove three or more contiguous amino acids, almost certainly resulting in a defective P element transposase. As shown above, a disproportionate number of the elements with indels are found in the noncanonical clades of figure 2, and canonical elements are less likely to have reading-frame interruptions in this exon. With the exception of the P element from S. pallida (Simonelig and Anxolabehere 199 1) and, possibly, D. bifasciata , only canonical P 
-The reference reading frame is that for the canonical P element transposase (O' Hare and Rubin 1983) . Stop codon identities are given in parentheses. Clade designations correspond to those in fig. 2. elements are known to be autonomous transposable elements.
Second, the co-occurrence of interrupted elements from the same species indicates that, rather than always sampling separate elements from a genome, the same element may have occasionally been sampled more than once. This is to be expected in a PCR-based survey. For example, D. subsaltans 6 and 27 share deletions and a TAA stop codon, while D. nebulosa 15 and 16 share two separate deletions and a TGA stop codon. An alternative explanation is that these elements are in fact different genomic copies which share a common ancestry. Even though these elements are expected to be nonautonomous in theory, they could have been mobilized (and duplicated) by an autonomous element somewhere else in the genome. However, D. nebulosa may not have had any active elements for some time (Lansman et al. 1987) . Third, elements with one type of reading-frame interruption are apparently more likely to have the other type. In addition to the two examples given above, the canonical element D. prosaltans 1 has a TGA stop codon and a 40-bp deletion; D. saltans 51 has a TGA stop codon and a 20-bp deletion. In all, there are 12 elements listed in tables 3 and 4 which have reading-frame interruptions of both kinds.
Fourth, among the more rapidly evolving P element sequences (as evidenced by longer branches in fig. 2 (Kaplan et al. 1985) followed by neutral molecular evolution.
Discussion
Evolution of P Elements in Sophophora
The phylogenetic analysis presented here provides a sample of the diversity of P elements in the saltans and willistoni species groups. The sequences amplified by these primers fall into four distinct subfamilies or clades. The divergence among the different subfamilies is striking. The challenge is to try to explain the existence of these different P elements and, in particular, why the degree of differentiation among the canonical elements is less than that observed in the other subfamilies.
The sophophoran radiation of the genus Drosophila occurred approximately 50-60 Mya (Throckmorton 1975; Beverley and Wilson 1984) , resulting in the melanogaster lineage in the Old World tropics, the obscura lineage in the holoarctic temperate zone, and the New World tropical lineages of willistoni and saltans. Based on their distribution in the genus Drosophila (Daniels et al. 1990 ) and their identification in other Diptera (Perkins and Howells 1992), P elements may have been present when the sophophoran radiation began. If so, it is likely that they were passed vertically to the lineage that gave rise to the melanogaster and obscura species groups. It is shown here that the P elements of the saltans-willistoni clade L are more similar to those of the obscura species group (clade A@ than to the canonical elements from the saltans-willistoni D clade. Thus, the P elements within clade K could represent an ancestral P element present at the beginning of the sophophoran radiation.
Preliminary analysis (unpublished data) indicates that at least some of the P element sequences from the melanogaster species group fall into clade K as well. Thus, the diversity of sequences within this clade, which can be as great as 40%, could be a reflection of 50-60 Myr of P element evolution within Sophophora.
This idea finds support in the results presented in tables 3 and 4 which show that at least six of the seven clade L elements are probably not autonomous due to reading frame interruptions.
In addition, all of the clade M elements are apparently nonautonomous (Paricio et al. 199 1; J. Garcia-Planells, N. Paricio, J. B. Clark, R. de Frutos, and M. G. Kidwell, unpublished manuscript) , suggesting that these elements have been inactive for quite some time.
Evolution of the saltans-willistoni Lineage
It is believed that the ancestral flies of the saltanswillistoni lineage became sequestered in tropical North America during the Eocene epoch (Throckmorton 1975 ). Based on current biogeography and ecology, the divergence of the two groups is thought to have occurred in tropical North America. (Throckmorton 1975 ). There, both the saltans and willistoni species groups diversified, the most recent event being the advent of the sibling species clusters. However, the formation of the sibling species in each species group did not occur at the same time: the diversification of the willistoni sibling species was probably completed at a time when the saltans sibling species were still actively evolving (Throckmorton 1975 ).
Origin of Canonical P Elements
A comprehensive understanding of P element evolution in Sophophora must account for the absence of canonical P elements in the melanqgaster (excluding D. melanogaster) and obscura species groups, and their presence in the saltans and willistoni groups. The results of this analysis show that the saltans-willistoni P elements of clade D are very similar to one another. Furthermore, there are relatively few reading-frame interruptions among these canonical elements. Because there are divergent P elements found in other saltans-willistoni clades (e.g., clades C and K), the extreme sequence conservation of the elements in clade D must be of some significance. Either the canonical elements are evolving relatively slowly because they alone are under some kind of strong selection, or they have been transferred relatively recently to the saltans-willistoni lineage. Assuming the latter, the 10% divergence among the clade D elements would reflect the differentiation of the sequences during their descent in the species in the saltans and willistoni species groups. In addition, as seen in figure   2 , there has been a relatively modest differentiation among different canonical P elements within a given species, again consistent with a recent introduction. These results are in contrast to the diversity among P elements in the other subfamilies (e.g., clades C and K).
Horizontal
Transfer from D. willistoni to D. melanogaster As seen in figure 2 , most of the canonical P elements from the willistoni species group form a single clade (E), in which nucleotide sequence differentiation ranges from 0% to 4.1% (see table 2 ). It is obvious that these elements are descended from a single ancestral P element copy and have diverged from one another only modestly during the descent of the species lineages. Because of the monophyly of the Old World melanogaster and obscura species groups and the fact that P elements from the latter fall into clade A4 only (J. Garcia-Planells, N. Paricio, J. B. Clark, R. de Frutos, and M. G. Kidwell, unpublished manuscript) , it is striking that the D. melanogaster P element sequence is part of the canonical saltans-willistoni species group clade. These results provide additional convincing support for a horizontal transfer event in which a canonical P element was passed from D. willistoni to D. melanogaster (Daniels et al. 1990 ).
Although horizontal transfer can never be unequivocally demonstrated, a number of purported cases have been reviewed recently (Kidwell 1992a (Kidwell , 1993 . It has been argued that P and other transposable elements possess a number of properties that would allow them to cross species barriers with greater success than nonmobile DNA sequences (Kidwell 1992b) . For example, class II transposable elements encode the enzyme necessary for their own mobility so that the integration of the element into the genome is a self-catalyzed process. With P elements, rates of transposition (and spread) can be very high following transfer to a naive genome, in spite of any deleterious effects caused by transposition. Both viruses (Miller and Miller 1982; Friesen and Nissen 1990) and parasitic mites (Houck et al. 199 and a second to the bocainensis subgroup after it diverged from the willistoni subgroup.
ilies of the same family (i.e., P or mariner) of transposable elements and that such subfamilies can indeed coexist
The existence of multiple ancestral sophophoran P for relatively long periods of time. The data strongly elements followed by the loss of certain subfamilies could suggest that transposable element lineages have diverged also account for the absence of detectable P elements in and subsequently evolved independently for periods of the cordata and elliptica subgroups of the sultans species time that may exceed the age of a particular species. group. At first glance it would seem an unlikely coinHowever, given the possibility of horizontal transfer, it cidence that in two separate instances the most geois difficult to infer for how long the different subfamilies graphically isolated species in two different species groups of a particular element may have coexisted in a single independently lost one or more P element subfamily.
species. This loss could, however, reflect some biological phe-
In conclusion, the accumulating evidence suggests nomenon associated with the isolation of these species strongly that horizontal transfer is the most likely ex-planation for certain unexpected phylogenetic affiliations of both P and mariner. For example, Robertson and MacLeod (1993) have identified a number of cases in which the nucleotide sequence identity for mariner elements isolated from taxa separated by 100 to 200 MY exceeds 90%. Two parallel situations are the virtual identity of P elements from D. melanogaster and D. wilZistoni, two species which diverged 50-60 Mya, and the 93% identity of the P elements from D. bifasciata and S. pallida. Thus, horizontal transfer appears to have played some role in the evolution of both P elements and mariner. Introgression of transposable elements by horizontal transfer may be counterbalanced by their loss through stochastic processes and natural selection acting to minimize the potentially deleterious effects of transposition. The relative extent to which these mechanisms have been involved in mariner evolution has been examined recently (Lohe et al. 1995) . Although it remains to be seen if horizontal transfer is widespread among eukaryotic transposable elements, it seems plausible that even a low frequency may have an important influence on the long-term evolutionary dynamics of these sequences.
